Optical second-harmonic generation, thanks to its coherent nature, is a suitable signal for interferometric measurements such as digital holography, a well-established imaging technique that allows recovery of complex diffraction wave fields from which it is possible to extract both amplitude-contrast and quantitative phase images. Here, we report on a multifunctional form of microscopy, namely, second-harmonic generation digital holographic microscopy. As a proof of concept, we have investigated the second-harmonic signal generated at the glass/air interface of a microscope slide under focused femtosecond laser illumination, and we propose, for the first time to our knowledge, a representation and interpretation of the recovered phase. In this simple yet educative case study, we observe that the second harmonic is generated by the axial component of the incident field polarization. © 2009 Optical Society of America OCIS codes: 090.1995, 180.4315. Over the past decades, nonlinear light-matter interactions have proven very useful in microscopy. To mention only one, harmonic generation allows marker-free identification of cell structures, tubulin, or membranes [1], while being extremely sensitive to the local sample structure and to the orientation of the laser polarization [2] . It has even been demonstrated that membrane potentials of labeled neurons could be monitored by observation of the secondharmonic generation (SHG) signal [3] . On the other hand, digital holographic microscopy (DHM) performs well for both metrology and biological applications, since it can reveal deformations and morphological details at a nanometer-scale resolution [4] and can determine with high precision the refractive index distribution across a specimen [5] (e.g., cell or neuron). Apart from being a nonintrusive, nondestructive real-time imaging technique, DHM is also versatile, and its principle can be applied to any coherent optical field, including those generated by some nonlinear light-matter interactions.
Over the past decades, nonlinear light-matter interactions have proven very useful in microscopy. To mention only one, harmonic generation allows marker-free identification of cell structures, tubulin, or membranes [1] , while being extremely sensitive to the local sample structure and to the orientation of the laser polarization [2] . It has even been demonstrated that membrane potentials of labeled neurons could be monitored by observation of the secondharmonic generation (SHG) signal [3] . On the other hand, digital holographic microscopy (DHM) performs well for both metrology and biological applications, since it can reveal deformations and morphological details at a nanometer-scale resolution [4] and can determine with high precision the refractive index distribution across a specimen [5] (e.g., cell or neuron). Apart from being a nonintrusive, nondestructive real-time imaging technique, DHM is also versatile, and its principle can be applied to any coherent optical field, including those generated by some nonlinear light-matter interactions.
In this Letter, we propose to combine SHG with DHM in order to take advantage of the additional information provided by the phase of the second harmonic signal. This Letter distinguishes from previous pioneer work on coherent SHG imaging [6, 7] by recovering, for the first time to our knowledge, the complex (amplitude and phase) harmonic field, while [6] investigated signal-to-noise ratio enhancement from interferometric measurement of harmonic fields, and [7] proposed novel nanoparticle markers, called second harmonic radiation imaging probes (SHRIMPs), for second-harmonic imaging.
In digital holography, interference patterns (holograms) are recorded by a digital camera. In opposition to the classical holography, no photochemical development step is required, and the image reconstruction is performed numerically. In our configuration, the detector is located at a certain distance from the system image plane, and the intensity I H recorded at the hologram plane is the resulting interference of the object wave O with one reference wave R and can be expressed as
where the first two terms form a zero-order of diffraction and the last two, respectively, correspond to the real and the virtual images. The star symbol ͑ * ͒ denotes the complex conjugate. Working in an off-axis configuration, i.e., giving a nonzero angle of incidence between the object and reference waves, allows for Fourier filtering of a spatial frequency-modulated image term from all other terms in Eq. (1) [8] . However, the angle between the two waves must be kept small enough that the fringes are appropriately sampled by the detector. More information on the application of Fourier filtering to our off-axis holographic technique can be found in [9] . After Fourier filtering out the zero-order of diffraction and the conjugate image, the complex wave is digitally focused by means of a single Fresnel propagation, as explained in detail in [10] . Optical aberrations can be compensated by the application of numerical parametric lenses to the complex wave front, either or both in the hologram plane and/or the image plane [11] . Schematics of the optical setup used for experiments can be found in Fig. 1 . The laser source is a Mira Ti:sapphire femtosecond laser from Coherent, equipped with a RegA9000 regenerative amplifier stage delivering 800 nm wavelength, 250 fs pulses at approximately 250 kHz. The interferometric setup consists mainly of one object arm containing the specimen and one reference arm. In the object arm, light is focused in the specimen plane by a lens with a relative aperture ͑f / #͒ of 0.8 and then collected by a 100ϫ microscope objective. A frequency doubler ␤-barium borate crystal is inserted in the reference arm to generate the second-harmonic reference wave.
Holograms were recorded using a −20°C-cooled Hamamatsu Orca-ER CCD camera, and a 400± 20 nm bandpass filter was used to get rid of the fundamental-wavelength component of light. The laser peak power in the specimen plane is approximately 30 GW cm −2 pulse −1 , which is about 1 order of magnitude below the threshold for biological cell damage [12] , and could potentially be reduced by use of a more sensitive camera, e.g., an electronmultiplying CCD type. The lateral resolution of this technique is diffraction limited at the SHG wavelength (here, 400 nm), and the axial resolution can reach the nanometer scale, thanks to its interferometric nature. The specimen investigated in the experiments described in this Letter was a glass microscope slide.
Experimentally, we have recorded a hologram of the second-harmonic signal generated at the second interface of a microscope slide, where a linearly x-polarized, fundamental-wavelength laser beam was focused (Fig. 2) . We assume the second harmonic signal generated at the first interface to be negligible, since the glass slide is relatively thick ͑1 mm͒ and, in our configuration, the incident field converges rapidly. Both amplitude [ Fig. 3(a) ] and phase [ Fig. 3(b) ] images have been reconstructed. We have observed that the symmetric, dipole-like pattern of the retrieved second harmonic signal maps is related to the polarization state of the incident field. Because SHG is a second-order nonlinear optical phenomenon, Fig.  3(a) maps the square value of the electric field distribution that contributed to SHG, and the latter obviously differs from the expected total electric field of a focused Gaussian field.
To provide a better understanding of the retrieved SHG images, we have modeled the electric field distribution of a focused Gaussian laser beam, using the theory established by Richards and Wolf [13, 14] , as described in [15] . This method calculates the complex field in the focal plane ͑z =0͒ by taking into account the angular spectrum contribution of all light rays refracted by a condenser lens of a given aperture (here, f / 0.8). We considered a linearly x-polarized Gaussian field, whose waist is located in the plane of the condenser lens that focuses it on the second face of a microscope slide, as depicted in Fig. 2 . As we are interested only in the relative light intensity at the interface where the second harmonic is generated, we have neglected prior reflections and have assumed perfect transmission coefficients at the interface. Figure 4 shows the calculated amplitude and phase of the x, y, and z-polarized Cartesian components of the focused field. The conversion of the x-polarization state into x-, y-, and z-polarization states under focusing of the field by a lens is known as depolarization and is detailed in [16] on the complex threedimensional (3D) amplitude point-spread function.
As with any second-order nonlinear optical phenomenon, SHG can occur only in noncentrosymmetric media or at interfaces, where the symmetry is obviously broken. In our case, this symmetry break lies in the axial z direction, where the medium abruptly changes from glass to air. Therefore, only the z component of the incident field should effectively contribute to the SHG, which is what a comparison between the experimental SHG images and the calculated z-component distribution of the incident field reveals. The matching phase images [Figs. 3(b) and 4(f)] especially emphasize the coherent nature of SHG. As for the amplitude images, it must be remembered that the second-harmonic wave field is proportional to the square of the electric field. Therefore the electric field amplitude image in Fig. 4(c) has to be compared to the square root of the SHG amplitude image, as presented in Fig. 3(c) , in which case the correspondence is very good. It is worth noting that since the second harmonic is generated by the z component of the electric field, its intensity strongly depends on the relative aperture of the condenser lens.
In conclusion, we have successfully recorded second-harmonic wavelength holograms, extracted the complex field, and reconstructed both amplitude and quantitative phase images, which is, to our knowledge, unprecedented. While the phase signal in conventional DHM carries information on the optical path length that is perceived by the photons, the harmonic phase provides additional, quantitative information about the relative phase of the surface dipoles where the second harmonic is generated, which we have used to identify the polarization component responsible for SHG at the glass/air interface. Because it recovers the complex wave field, the technique also makes possible the determination of the precise location where the second harmonic is generated and could potentially serve as a tool to map 3D distribution of SHG-emitting nanoparticles, such as gold nanoparticles. On a more general note, we believe that the phase information provided by this technique may become a key element in functional, nonlinear imaging.
